Abstract-We present an assessment of the effect of rotational losses on an induction machine. The assessment provides an estimate of the iron losses in an induction machine by three methods, all of which rely on the output data of a two-dimensional finite-element method: 1) calculating iron losses as if they were produced by a purely alternating field; 2) calculating the iron losses by adding the losses produced by the orthogonal components of the flux density, as if the losses produced by these components were independent phenomena; 3) applying a correction factor based on experimental data to improve the rotational loss calculation. The correction factor is a function of the peak flux density value and the ratio of the major to the minor axis of the flux density loci. The third method represents the main contribution of this paper to the field and is explained in detail. Finally, a discussion of the results addresses two aspects: the location where rotational fields occur, and their impact on the total loss calculation.
I. INTRODUCTION

I
RON LOSS calculation should, ideally, be an integral part of the model of the iron magnetization process. However, this idea is still too ambitious for the state of the art in magnetization modeling [1] . Preisach models, which are aimed at improving the representation of magnetic phenomena are rapidly being put into practice [2] , [3] , but they are still at an early stage. A more widely used approach to represent iron losses in a lamination is to use some form of averaging over time and volume [4] .
In the field of induction machines, these average-based approaches have been used in conjunction with finite-element (FE) techniques to segregate iron losses, according to their nature, into hysteresis, classic eddy-current, and anomalous losses [5] , [6] . Somewhat overlooked is the loss assessment under rotating flux conditions. This phenomenon is of special interest for the accurate calculation of iron loss in induction machines because it has been widely reported that the losses produced by a rotational field (in a nongrain-oriented material) are considerably larger than those produced by an alternating field of the same peak magnitude [7] , [8] . Thus, in regions of the motor where the field is essentially rotational, a miscalculation of the losses may occur. This work provides an estimate of the iron losses in an induction machine by three methods. In all cases, a twodimensional (2-D) FE simulation technique is used to provide the underlying magnetic field data. The intended contribution of this paper to the field of iron losses in induction machines is in the third method, where an experimental factor is employed to improve the accuracy in the calculation of the iron losses under rotating field conditions.
II. SYSTEM REPRESENTATION
The simulation strategy used in this paper is based on work by Williamson et al. [9] . In broad terms, the induction motor simulation is governed by
The stator variables are in the reference frame, while a model is employed to represent the rotor; is the resistance matrix; , the phase voltages; , phase currents; , the flux linkages, and is the inductance matrix. The motor nonlinearities are accounted for by continuously recomputing by FE analysis.
The machine under study is a delta-connected 2.1-kW 50-Hz 1425-r/min 4-pole cage induction motor. This machine has two unusual features: the supply line voltage is 240 V and the rotor is unskewed. A straight rotor was chosen to keep the simulation time to a minimum; otherwise, a multislice simulation technique would have been more suitable [10] at the expense of a longer simulation time.
Commissioning the FE-based model and verification against experimental results have been carried out in previous research [11] , [12] . In these works, some modifications were made to the original simulation model to facilitate the use of an inverter-based power supply and estimate the power losses with a pulsewidth modulation-based excitation. The current work is solely aimed at estimating the rotational losses under sinusoidal excitation.
The first part of the loss analysis is performed for the machine operating at full-load conditions (slip of 0.05). . The values of the constants used cannot be published here because they are restricted by commercial confidentiality.
Equations (3)-(6) account for the losses in a lamination under a purely alternating field only. These equations, by themselves, do not tackle the problem of calculating the losses produced by a field whose locus is changing direction within the plane of the lamination (i.e., rotating). To illustrate the difference between these two types of variations of field, their flux density loci are depicted in Fig.1 (a) (alternating) and (b) (rotating).
A first approach to estimating the iron losses in a lamination may be to apply (3)- (6) to the component of the flux density along the major axis only. The component acting along the minor axis is ignored. The rotational loss calculation, therefore, becomes a problem using purely alternating field conditions. This method is not widely used because it entirely neglects the contribution of the minor axis component; but, for the sake of comparison, it is presented here. This approach indicates how poor the estimate of the rotational losses can be.
Equations (3)- (6) were applied as a post-processing stage to the waveforms obtained by the FE simulation using the component of along the major axis. This resulted in a calculated iron loss of 49 W (32 W in the stator and 17 W in the rotor).
IV. METHOD B. LOSSES BY INDEPENDENT ORTHOGONAL COMPONENTS
A better approximation to estimate the iron losses in an electrical machine is to take into account both spatial components of the flux density vector. A common approach is to consider that the losses produced by the major and minor axis components are independent from each other. Therefore, the rotational losses may be estimated by summing up the losses produced by the two components [5] , [10] , [11] , [13] . However, as has been acknowledged in all these works, this approach may not be entirely accurate.
Applying (3)- (6) to the orthogonal components of the flux density vector obtained by the FE analysis results in an estimation of the losses of 57 W (35 W in the stator and 22 W in the rotor).
V. METHOD C. LOSSES BY APPLYING A CORRECTION FACTOR
A further improvement to estimating the rotational losses may be achieved by employing a correction factor to account for the peak induction level and a measure of the rotating nature of the field. Such a measure may be defined by taking the ratio of the minor to the major axis of the flux density locus (see Fig. 1 ). This ratio (confined between 0 and 1) defines the aspect ratio of a particular -locus. A value of zero corresponds to a pure alternating field; and the closer the ratio is to 1, the more the -locus resembles a circle.
A correction factor that accounts for the peak induction and the aspect ratio of a rotating field has been proposed by Kochmann [14] . In this reference, a loss factor is introduced as a means of relating the rotational losses in a simple-geometry lamination with the sum of the losses produced by the orthogonal components of (7) where losses produced by an elliptical field [W]; aspect ratio. Ratio between the minor and major axis of a particular -locus: In [14] , two important functions related to the loss factor were illustrated graphically. One is the behavior of the loss factor against the aspect ratio, which is plotted for several flux density peak magnitudes: 0.1, 0.5, 1.0, and 1.5 T. The second function is a loss factor ratio , defined by (8) , which is plotted against the product . The plot for this second function appears to be largely independent of the peak flux density (8) With these two functions, the loss factor for any and (within the limits of the experimental data presented in that paper) may be calculated as follows: (9) Both functions and in (9) are to be read from the plots presented in [14] . Fig. 2 is a reconstruction of in a threedimensional mesh, plotted against the peak flux density and the flux density aspect ratio. A "curtain" has been set at the edges of the mesh to make the shape of easier to visualize in the 3-D space. Fig. 2 has several characteristics that are particularly relevant to the study of induction machines, where it is not uncommon to find peak flux densities larger than 1 T. 1) At an induction level of 1.0 T and , decreases with and is smaller than 1.0. 2) At an induction level of 1.5 T, decreases with and is smaller than 1.0 for any value of . 3) At an induction level of 1.5 T, the minimum value for was found to be close to 0.8. Finally, by substituting (9) into (7) and solving for , the iron losses in a lamination of simple geometry produced under rotating flux conditions may be calculated with (10) Another result that is presented in [14] is the loss ratio plotted against several flux density peak values for a circular field ( ). This experiment has not an immediate application to the present work, but it is interesting to note that a similar result may be indirectly obtained with the experimental data presented by Findlay et al. [15] . This agreement between two different researchers adds a degree of confidence to the experimental measurements by Kochmann, on whose correction factor the present work is based. If (10) is to be used to calculate the iron loss for each finite element in the motor iron mesh, the ratio of the minor to the major axis of the -locus, the peak value of the flux density, and the loss factor must be found first. These results are shown in the next sections. Fig. 3 shows (on a gray scale) the ratio between the minor and major axis scale for the stator. The region at the base of the stator teeth shows the largest value of with the back iron being next in importance. This is to be expected, however, because the radial tooth flux which emerges into the back-iron has to rotate into the circumferential direction. The circumferentially rotating field in the machine therefore produces a local rotational field at the base of the stator teeth as the pole zeroes pass by. The field distribution becomes increasingly more elliptical as one moves out radially through the core back, becoming almost purely alternating at the outer core boundary. The flux density along the tooth-bodies is predominantly alternating as expected. The only tangential components found in this region are due to the leakage flux around the phase coils. Fig. 4 shows the values for calculated for the rotor. The solution of the finite-element method is carried out for quarter of the machine, but the results for the rotor are presented here only in a single slot pitch. As may be observed from Fig. 4 , the region close to the rotor surface presents the largest ratio between the minor and major axes. The field along the rotor teeth are essentially alternating, but the rotor inner core shows a relatively high at the base of the rotor teeth for the same reasons as the stator teeth.
A. Minor to Major Axis Ratio
A close-up of the air-gap region is shown in Fig. 5 . In the stator tooth tips, a slightly higher aspect ratio was obtained toward the middle of the tips. In the rotor, a higher is observed in the middle of the tooth-tips (at the sides of the rotor slot shown in this figure) than in the rotor bridge. The stator and rotor tooth face regions usually form the path for the high pole number slotting field harmonics. These field components have pole numbers closely related to the stator and rotor slot numbers and tend to "zig-zag" along the stator/rotor air-gap interface. The tooth faces therefore commonly include areas of rotational field excitation. Fig. 6 shows the value of of each finite element in the stator and rotor against the radial distance. In this figure, the peak at the approximate normalized radial distance 0.6 corresponds to the stator and rotor air-gap surfaces. It is possible to build this plot because of the symmetry of the aspect ratio in the stator and rotor (noticeable in Figs. 3 and 4, respectively) . Fig. 6 has the advantage that the values for are easier to identify than in the gray-scale maps.
B. Peak Flux Density
The peak flux density along the major axis is plotted in Fig. 7 . In this plot, there are several regions that can be clearly identified. On the rotor side, the peak flux density becomes higher in the direction from the shaft to the air gap: passing through the rotor back-iron, the rotor teeth, the rotor tooth tips, and finally the rotor bridge region. A particularly large may be observed in the rotor bridge. This is expected because this region is heavily driven into saturation during a rotor fundamental cycle. On the stator side, there are also some regions that can be clearly identified according to the flux density peak values: the tooth tips, the tooth bodies, the tooth roots, and finally the back-iron. 
C. Loss Factor
With the values of and calculated in the previous sections, the loss factor may be obtained from (9) . Fig. 8 shows the loss factor plotted against the radial distance. In this figure, it can be observed that the regions where the field is mainly alternating (rotor and stator tooth-bodies) the correction factor is close to one. For these largely alternating fields, the correction factor has little effect in the estimation of rotational losses when they are calculated by adding the losses produced by the orthogonal components of the field. A slightly larger correction is applied in the stator and rotor back-iron, where was calculated between 0.9 and 1.0. This indicates that summing the losses produced by the orthogonal components of the flux density overestimates the losses by 10% in these regions. For the stator tooth-roots and the iron immediately underneath the rotor bars (see large dark areas in Fig. 4) , the loss factor was close to 0.85 and for the rotor bridge to values just above 0.80. In these three regions, the correction factor has a more significant impact because either has a relatively large aspect ratio (in the case of the tooth-roots and the areas underneath the bars) or the peak flux density is particularly large (rotor bridge).
The inclusion of the loss factor in the rotational loss calculation brings the calculated loss down to 54 W (34 W in the stator, 20 W in the rotor).
It is worth pointing out that Figs. 6-8 may be slightly misleading. Every mark in these figures represents the value obtained for , , and (respectively) for a particular finite element in the mesh, and this value may not be the most representative of the region where the element is located. The particular size and location of an element within a region, and the mesh structure itself are three aspects that make some elements more or less representative of a region than others. The second difficulty is that, due to the scales required by the plots, there may be several marks overlapping such that it looks as if there are fewer elements at a particular radial distance. Nevertheless, Figs. 6-8 do provide a good insight to the values of , , and found in the simulations for the various regions of the motor laminations. Fig. 9 shows the impact of the loss factor on the sum of the losses calculated independently for the two orthogonal components of . This figure shows the percentage of the total iron losses (stator plus rotor losses without any correction applied yet) that are associated with particular loss factor . The bars for the rotor lie above those for the stator. This figure indicates that 38% of the motor losses have a loss factor applied to them ( 0.01 corresponds to the width of each bar in Fig. 9 ). This 38% is made of 32% on the stator and 6% on the rotor side. In general, the bars in Fig. 9 indicate that the losses on the stator side are largely unaffected because the stator losses are mainly associated with loss factors between 0.95 and 1.0. The rotor loss bars indicate that a significant portion of the rotor losses are located in elements where the correction factor was calculated between 0.8 and 0.95. It was expected that the rotor losses would have a significant correction factor applied to them because they are dominated by the loss in the elements close to the surface [16] , where high peak flux densities and high aspect ratios are normally found. Table I presents the summary of the results obtained in the preceding sections: considering the losses as purely alternating (method A), calculating rotational losses by adding the losses produced by the orthogonal components of the flux density (method B), and applying a empirical correction factor to the orthogonal sum (method C).
VI. DISCUSSION OF RESULTS
The loss difference between methods A and B (8 W) corresponds to the losses produced by the nondominant orthogonal component of the flux density. In percentage terms, this difference accounts for . In terms of location, this loss difference is produced in the elements with a relatively large (see Figs. 3-6) .
In Table I , the results obtained by method are considered more accurate than the other two and therefore they were taken as the reference case. Method A underpredicts the total losses (by 9.3%) because it neglects the losses produced by one of the orthogonal components of the flux density. On the other hand, method B overpredicts the losses (by 5.6%) because it overlooks the fact that, at a typical magnetic specific load of an in- duction machine, saturation (associated with a high peak flux density) plays an important role in the loss mechanisms. The largest deviation between methods B and C is observed in the rotor ( 10.0%). This deviation occurs because the losses in the rotor are dominated by the losses in the tooth-tips and bridge, and in these regions the loss calculation by method B is significantly corrected by the loss factor, as discussed in the preceding section.
A similar analysis to the one presented so far for the full-load operating condition was performed for a light-load condition (slip of 0.01), and the results are summarized in Table II. For the light-load condition, method A undercalculated the losses by 4.3% and method B overestimated the losses by 6.7% (again, taking method C as reference).
Method B provides a less accurate loss estimate for light-load conditions than for the full-load case. This occurs because, in general, the main flux path in the machine has a larger flux density at light-load than at full-load conditions. Under these circumstances the value of will be, on average, smaller for the light-load case. The correction that imposes over the sum of orthogonal components was estimated to be as important as 18.8% for the rotor.
The test motor used in this investigation had a low power rating (2.1 kW) and the iron losses in such a machines are normally only a small proportion of the total losses, typically 10%. The remaining losses would be associated with the copper losses in the stator and rotor windings. As a consequence, the rotational iron losses have little impact on the total loss of the motor. In machines of increasing power ratings, the proportion of the total losses associated with iron losses also increases to around 35% in machines with ratings in excess of 100 kW or so. The impact of rotational iron losses would also become more apparent in the total losses of these motors.
VII. ASPECTS FOR FURTHER CONSIDERATION
The present work has indirectly extrapolated the data in [14] . The product required to obtain in (9) for any finite element does fit within the data plots presented by Kochmann; however, these plots were obtained for a peak flux density up to 1.5 T and the peak flux densities for some elements exceeds this value. This suggests that further experimentation should be carried out to extend the range presented in [14] .
The tests in [14] correspond to an elliptical flux density loci and some finite elements have a -locus that is far from being elliptical. Fig.10(a)-(d) show four loci at certain locations in the motor laminations. The loci in the back-iron and in the inner iron resemble an ellipse; however, approximating the loci in the stator tooth-tips and rotor bridge to an ellipse may compromise accuracy. In the present work, the value for was defined as the maximum value that the -loci takes along the minor axis (as opposed to taking the value of were the component along the major axis is zero).
The major axis of the flux density loci calculated for every element of the mesh is not generally in alignment with the rolling direction of the laminations, as required by (7) . Normal methods of motor construction usually ensure there is no preferred magnetic direction in the pack of laminations. This means that the losses parallel and perpendicular to the rolling direction were assumed to be identical and, hence, no correction for any anisotropy in the lamination material was taken into account. However, the impact of material anisotropy correction on the loss calculation has been found to be small [8] .
An aside in [17] (which has been widely quoted by other authors) suggests that the rotational losses can account for 50% of the iron losses in the stator. The results here show a much smaller variation (of approximately 6% at full-load conditions and 3% at light-load conditions) between the losses calculated by a purely alternating field and the rotational losses determined by the loss factor put forward by Kochmann. In this study, no evidence was found to support the comment in [17] . It has been widely reported [15] that, at certain induction levels, the rotational losses of a purely circular field may be larger than the alternating losses produced by any of the orthogonal components of the flux density acting alone; however, a circular field (or more generally, a field with a large aspect ratio) is not a condition typical of the whole stator, but a very localized phenomenon, as shown in this paper.
VIII. CONCLUSION
The iron losses in an induction machine have been estimated by three methods based on an FE simulation. Although similar numerical results were obtained for the machine under study by the three methods, there are important differences to consider.
Calculating the losses by assuming a purely alternating field may be acceptable for some applications; however, the rotational losses are entirely neglected. As a consequence of this, the losses are underestimated. An even more important issue is the fact that an error bound cannot be easily determined.
Calculating the motor iron losses by adding the losses produced independently by the major and minor axis components of the flux density does take into account the losses under rotating field conditions, but it overlooks the effects that a particular component of may have in the loss mechanisms of its orthogonal component. This method performed better for full-load conditions than for the light-load case. Specifically, the largest deviation was obtained for the rotor, where saturation significantly affects the areas that dominate the total rotor loss. The major advantage of method B over method A is that it is possible to bound the error in the loss calculation. The error tolerance is given by the loss factor . In broad terms, the error was estimated to within 10% for most of the area of the machine, and within 20% in very specific areas of the stator and across the rotor surface. Whenever possible, a correction factor should be applied to improve the accuracy of the calculation of iron losses under rotating field conditions.
